An index of myocardial oxygen supply/demand was calculated from the left ventricular and aortic pressure tracings in 80 infants and children with isolated valvar aortic stenosis. Supply was estimated by multiplying the area between aortic and left ventricular pressures during diastole (DPTI) by arterial oxygen content (C). Demand was estimated from the area under the left ventricular tracing during systole (SPTI).
pressure tracings in 80 infants and children with isolated valvar aortic stenosis. Supply was estimated by multiplying the area between aortic and left ventricular pressures during diastole (DPTI) by arterial oxygen content (C). Demand was estimated from the area under the left ventricular tracing during systole (SPTI).
The oxygen supply/demand ratio was expressed as: DPTI X C/SPTI. A ratio <10 has been shown experimentally in animals to be associated wvith reduced subendocardial flow. With severe stenosis, i.e., aortic valve area (AVA) <.7 cm2/m2, an increasing number of patients develop ratios <10. Patients with AVA <.7 cm2/m2 but heart rates <100/minute maintain adequate ratios whereas patients with heart rates >100/minute and severe stenosis all have ratios consistent with subendocardial ischemia. Supply/demand ratios <10 are usually associated with significant T wave abnormalities on the ECG while patients with normal T waves generally have ratios >10. It is concluded that in severe valvar aortic stenosis heart rate is a critical factor in the development of a reduction in the oxygen supply/demand ratio consistent with subendocardial ischemia. Exercise induced tachycardia may be useful in identifying patients with severe valvar aortic stenosis and borderline ischemia who have normal T waves at rest.
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Cardiac catheterization Electrocardiogram C Myocardial ischemia ,ongenital heart disease Coronary blood flow I NVERSION OF THE T WAVE in the inferior limb and left precordial leads of the electrocardiogram in children with severe aortic stenosis has been referred to as the left ventricular "strain" pattern' and has been thought to be due to myocardial ischemia. Proof of this ischemic origin in man is not yet available because regional coronary blood flow cannot easily be measured. Recent work in animals has made it possible to estimate the adequacy of myocardial oxygen supply using the aortic and left ventricular pressure pulses.
Oxygen supply to the myocardium-is determined by coronary blood flow and arterial oxygen content. The intramyocardial compressive forces have been reported to be greatest in the subendocardial muscle of the left ventricle where they may equal or exceed intracavity pressure.2 4 Thus, flow to the left ventricular subendocardial muscle is predominantly diastolic in the normal heart5 and should be entirely diastolic in aortic stenosis with elevated left ventricular systolic pressures. An increase in myocardial oxygen requirements at rest or on exercise can be met initially by coronary vasodilatation. Once maximal vasodilatation has occurred, flow to the subendocardial muscle becomes dependent on the low and fixed coronary vascular resistance and the driving pressure. The latter is the difference between coronary arterial diastolic pressure and the opposing pressure in the left ventricular subendocardial muscle or the coronary sinus, whichever is higher. In the absence of coronary arterial obstruction these determinants of left ventricular subendocardial flow may be represented by the area between the aortic and left ventricular pressure tracings in diastole. This area multiplied by the heart rate has been referred to as the diastolic pressure time index (DPTI)5' 6 and is a measure of coronary blood flow to the left ventricular subendocardial muscle once its vessels are maximally vasodilated.
To assess the oxygen demands of the myocardium the area under the left ventricular pressure tracing during systole has been measured and referred to by Sarnoff et al.7 as the tension time index. This same area per minute may be better referred to as the Circutlation, Volume XLIX, May 1974 systolic pressure time index (SPTI). With these two indices it is possible to relate supply and demand in the left ventricular myocardium as DPTI/SPTI. However, DPTI is a measure of coronary flow, but not of oxygen delivery. If arterial content is reduced, then oxygen delivery at the same flow rate would be reduced. To allow for this the index of coronary blood supply/demand can be converted to an index of coronary oxygen supply/demand by multiplying DPTI by arterial oxygen content (C), i.e., DPTI X C/SPTI. A ratio less than 10 has been associated with reduced subendocardial oxygen supply in dogs. 6 With this background we have analyzed the DPTI X C/SPTI ratio in children with valvar aortic stenosis to determine if a reduced ratio is indeed associated with greater severity of stenosis and electrocardiographic signs of ischemia.
Methods
The cardiac catheterization records of all children studied from 1966-1973 at the University of California at San Francisco were reviewed. There were 80 patients aged 3 days to 19 years with isolated valvar aortic stenosis who underwent a total of 84 catheterizations (table 1). Eight of these patients had left ventricular to aortic systolic pressure gradients of 5 mm Hg or less. They nevertheless had auscultatory findings consistent with valvar aortic stenosis and angiograms showing restrictive aortic valve motion with narrowed orifices. Therefore, they are included as examples of mild aortic stenosis without hemodynamically significant pressure gradients. Twelve patients were found on the supravalvar aortogram to have minimal aortic insufficiency, defined angiographically by a small regurgitant jet which cleared completelyduring each systole. One infant had moderate aortic insufficiency on recatheterization 6 months after an aortic valvotomy. Another infant catheterized at 11 days of age had mild mitral regurgitation in addition to severe valvar aortic stenosis. Patients with valvar aortic stenosis associated with more than mild aortic or mitral insufficiency, left to right shunts or additional obstructive lesions, e.g., coarctation of the aorta, subvalvar aortic stenosis or pulmonic stenosis, were excluded from the study group.
All patients underwent right and left sided catheterization. Infants under 6 months of age were not sedated.
Children older than 6 months received 1 mg/kg each of Demerol and Vistaril. The left ventricle was entered either antegrade across a patent foramen ovale and mitral valve or retrograde across the aortic valve. Pressures were measured using Statham P23Db pressure transducers and recorded on an Electronics for Medicine optical recorder at a paper speed of 50 or 100 mm/sec. The pressure tracings ( fig. 1 ) used for the DPTI and SPTI measurements were obtained by simultaneous recording of left ventricular and ascending aortic pressures or by the superimposition of separate left ventricular and ascending aortic pressure curves at the same heart rate obtained on withdrawal of the catheter from the left ventricle to the aorta. The areas enscribed by the curves were determined by planimetry. The aortic valve area (AVA) was calculated using a modification of the Gorlin formula8 derived by Bache et al:9
Circuilation, Voluime XLIX, May 1974 AVA = Q/37.8vWPPSG + 10, where Q = cardiac output/systolic ejection period, PPSG = peak to peak left ventricular to aortic systolic pressure gradient. The AVA determined by the Bache9 method did not differ significantly from that by Gorlin and Gorlin.8 The cardiac output was obtained by the Fick principle. The oxygen consumption was assumed in the majority of patients using the method of LaFarge and Miettinen,'0 which experience in our laboratory has shown to compare favorably with measured oxygen consumption. In the remainder expired air was collected and the oxygen content was measured by the Scholander technique. The hemoglobin was measured during cardiac catheterization by the cyanmethemoglobin technique. The arterial oxygen content was calculated as follows: Hemoglobin X 1.354 X % saturation = oxygen content (vols %). The oxygen saturation was calculated from pH corrected oxygen tensions according to the method of Severinghaus.' An electrocardiogram was obtained on each patient within 24 hours of cardiac catheterization; there was no significant difference between heart rates on the electrocardiograms and that at catheterization. Linear and curvilinear regression analyses by the method of least squares and Student's unpaired t-test were performed using standard statistical methods.
Results
The clinical and hemodynamic data on 80 patients are summarized in table 1; 65 were male and 15 were female. Fourteen catheterizations were performed on 13 patients under 1 year of age. We considered an aortic valve area (AVA) of 0.7 cm2/m2 or less to indicate severe stenosis.'2 All patients in this age group had severe obstruction with aortic valve areas of 0.12 cm2/m2 to 0.61 cm2/m2 with a mean of 0.30 cm2/m2. In only one case was AVA greater than 0.4 cm2/M2. In the group of children older than 1 year at the time of catheterization valve areas ranged from 0.19 cm2/m2 to 2.1 cm2/m2 with a mean of 0.78 cm2/m2. In 37 of 70 studies AVA was less than 0.70 cm2/m2. The difference in valve area between the two age groups is significant (P < 0.01).
The DPTI X C/SPTI rat o ranged from 23.9 to 2.0. The highest figure was obtained in a child with a normal valve area and a peak to peak systolic gradient of only 10 mm Hg; the lowest in an infant with AVA equal to 0.26 cm2/m2 and a PPSG of 75 mm Hg.
The relation between DPTI X C/SPTI and AVA was analyzed further in figure 2. Though there is considerable overlap the supply/demand ratio of myocardial oxygenation is proportional to the AVA/m2 Abbreviations: HR = Heart rate; LVP = Left ventricular pressure (mm Hg); AoP (mm H°); AVA/m2 = Aortic valve area per m2 BSA.
*ECG = see text for description.
(r = .5787). This relationship is fitted significantly better by a curvilinear than a linear regression (r = .6663; P < 0.01). All but one patient with a ratio of less than 10 had an AVA/m2 less than 0.70 cm2/m2; the one exception had an AVA of 0.73 cm2/m2 and a left ventricular end-diastolic pressure (LVEDP) of 16 mm Hg. Adequate subendocardial oxygen supply as reflected in a ratio greater than 10 is well maintained until AVA/m2 is reduced to 0.70 cm2/m2. In the 36 studies in which AVA was 0.70 to 0.35 cm2/m2, 14 patients had ratios less than 10, whereas of the 15 studies in which AVA/m2 was less than 0.35 cm2/m2, 13 had ratios less than 10. However, from these data alone it is not possible to assess why one patient with severe aortic stenosis (AVA < 0.70 cm2/m2) has an adequate oxygen supply/demand ratio and another has a ratio that suggests subendocardial ischemia. In figure 3 the relationship between DPTI X C/SPTI and heart rate is examined in the presence of severe stenosis. Subendocardial oxygen delivery is inversely proportional to heart rate (r = -.7270, P < 0.01). When heart rate was below 100/min adequate supply/demand ratios were maintained in all cases; whereas when heart rate was above 100/min only one had a ratio greater than 10. Valve areas in these two subgroups, i.e., heart rate above and below 100/min were not significantly different. Infants under 1 year of age with heart rates above 100/min were all in the ischemic group. One exception was a 3-day-old child with an AVA equal to 0.33 cm2/m2 and a heart rate of only 92/min. Figure 4 demonstrates a direct relationship (r = .7514, P < 0.01) between DPTI X C/SPTI and left ventricular diastolic time (LVDT). Shortening diastole by tachycardia results in a dramatic decrease in the DPTI and thereby in the oxygen supply/demand ratio. Thus, among patients with severe aortic stenosis tachycardia is a critical factor in the development of 15( HEART RATE subendocardial ischemia (P < 0.01). Age, however, does not appear to be a significant factor independent of heart rate, as shown by multiple regression analysis.
The decrease in oxygen delivery to the subendocardium was related to the level of left ventricular enddiastolic pressure. As shown in figure 2, all 28 patients with supply/demand ratios less than 10 had LVEDP equal to or greater than 10 mm Hg (range: 10 to 40 mm Hg, mean: 19.6 mm Hg). There is substantial overlap but the difference between patients with ratios above and below 10 is significant (P < 0.01).
The electrocardiogram was considered to be normal by all criteria including voltage in 56 patients.'3 We analyzed the relationship between the oxygen supply/demand ratio and the T wave configuration in the left precordial and inferior limb leads ( fig. 5 ). Patients were divided into three groups: 1) normal; 2) mild abnormality consisting of biphasic or low amplitude T waves;13 and 3) marked abnormality evidenced by flat or inverted T waves. Fifty of fiftyfour patients with a supply/demand ratio greater than 10 had normal T waves. The other four had mild T wave changes (group 2). Only one patient with a supply/demand ratio less than eight had a normal electrocardiogram. The oxygen supply/demand ratio is significantly different between groups 1 and 3 (P < 0.01). The QRS-T angles in all patients with normal electrocardiograms were less than 300. Seven of eight patients with mild T wave changes had QRS-T angles between 300 and 600; all had AVA less than 0.70 cm2/m2 and LVEDP from 10-24 mm Hg. However, there was no general correlation found between widened QRS-T angles and a reduction in DPTI X C/SPTI.
Discussion
Under normal resting conditions flow is homogeneously distributed throughout the left ventricular myocardium. '-1' As the oxygen demand (SPTI) increases from normal the vessels in the subendocardium undergo vasodilatation to maintain adequate subendocardial flow. When maximal vasodilatation has occurred then subendocardial flow is directly related to DPTI, 17 and an oxygen supply/demand ratio. may be expressed as DPTI X C/SPTI. Brazier, Cooper and Buckberg6 have shown in dogs that the subendocardial/subepicardial flow ratio is reduced below 1.0 when the DPTI X C/SPTI ratio is reduced below 10. A similar reduction in the subendocardial/subepicardial flow ratio was noted by Griggs and Nakamura17 during coronary artery constriction after maximal vasodilatation had been reached. Studies performed in man also suggest that patients with severe aortic stenosis and normal coronary arteries have maximum or near maximum vasodilatation at rest and little or no coronary reserve during increased stress. 18 In comparing the experimental findings with the clinical disease in man it is necessary to establish the applicability of data derived from acute experiments in animals without left ventricular hypertrophy to those obtained in patients with congenital aortic stenosis and thickened left ventricular myocardium. Hood'9 has shown that in normal left ventricles there is a narrow range of peak systolic wall tensions. In patients with chronic obstruction at the aortic valve there is a tendency for left ventricular wall tension per gram myocardium to be normalized by hypertrophy appropriate for the pressure and volume demands. Since wall tension is related to myocardial oxygen consumption the latter should similarly be normalized. Marchetti20 has shown in the hypertrophied left ventricle that oxygen consumption per gram myocardium is not significantly different from controls, though total oxygen consumption is increased. Thus, myocardial oxygen demand in the hypertrophied ventricle may still be estimated by the area represented by SPTI. However, Gunning et al.2' have recently reported that papillary muscles hypertrophied by pressure overload have normal myocardial oxygen consumption during isotonic contractions but increased consumption during isometric contractions. This may, therefore, result in an underestima- Relationship between the niyocardial oxygen supply/demand ratio and T wave configuration on the electrocardiogram.
Circtulation, Volume XLIX, May 1974 tion of oxygen demand by SPTI in some patients with hypertrophy and partly account for the variability seen in our patients.
Among our patients DPTI X C/SPTI was not less than 10 unless AVA was reduced below 0.7 cm2/m2. However, AVA alone could not explain why some patients with severe stenosis had adequate supply/demand ratios and others showed evidence of subendocardial ischemia. When heart rate and DPTI X C/SPTI were compared ( fig. 3 ) in patients with severe aortic stenosis it was then apparent that tachycardia is a critical factor in producing ischemia. Given the increased myocardial oxygen demand in severe valvar aortic stenosis, tachycardia will shorten diastole so that the oxygen supply falls. Furthermore, tachycardia may raise oxygen demand by increasing myocardial contractility. These factors individually or in combination would decrease the oxygen supply/demand ratio. Adult patients with aortic stenosis but no demonstrable coronary artery disease have been shown to have relatively fixed coronary flow and develop anaerobic myocardial glycolysis in response to catecholamine administration.`8 These clinical findings are supported by recent work in dogs. 22 When animals without stenosis were paced they maintained normal subendocardial/subepicardial flow ratios until extremely high rates were reached. In dogs with supravalvar aortic stenosis, a lesion which is hemodynamically similar to valvar aortic stenosis, tachycardia resulted in a rapid decrease in the measured supply/demand ratio and a reduction in the subendocardial/subepicardial flow ratio below 1.0.
The majority of patients with severe valvar aortic stenosis and substantial reductions in their DPTI X C/SPTI ratio to ischemic levels have significant T wave abnormalities on their standard electrocardiograms. These findings are in accord with the observation in dogs that ST segment changes consistent with subendocardial ischemia can be recorded from intracavitary electrodes when the supply/demand ratio is reduced below 10.6 However, Scheuer and Brachfeld have shown in dogs that ST and T wave changes may not be manifest until moderate or severe ischemia develops.23 Furthermore, Monroe et al. 24 have recorded electrocardiographic changes consistent with subendocardial ischemia from intracavitary electrodes while external electrocardiograms remained normal. Thus, early subendocardial ischemia may go undetected by standard electrocardiographic techniques. It is thus possible that exercise induced tachycardia may alter the left ventricular oxygen supply/demand ratio in patients with severe aortic obstruction so that electrocardiographic signs of ischemia develop. This has been confirmed by Circutlation, Volume XLIX, May 1974 Halloran who noted ST segment depression during and following exercise in children with severe valvar aortic stenosis and no ST or T wave abnormalities at rest.25 Thus, while a normal resting electrocardiogram does not rule out severe aortic obstruction with subendocardial ischemia, an electrocardiogram during and after exercise may well be important in identifying patients with myocardial ischemia and normal electrocardiograms at rest.
It is also possible that electrocardiographic abnormalities such as T wave inversion may become manifest only after substantial subendocardial ischemia has occurred and resulted in subendocardial fibrosis or necrosis. DPTI X C/SPTI is a readily available index from cardiac catheterization and appears to be useful in selecting patients with occult ischemia before potentially irreversible myocardial changes occur.
